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ABSTRACT: To investigate the synergistic effect(s) of electron-beam (EB) irradiation and leek (Allium tuberosum Rottler) extract on 
the quality of pork jerky during ambient storage, we irradiated prepared pork jerky samples (control and samples with 0.5% and 1.0% 
leek extract) with EB technology at doses of 0, 1, 2, and 4 kGy, stored them for 2 months at 25 °C, and analyzed them. Water activity was 
0.73 to 0.77 in non-irradiated samples, and no significant difference in the water activity was observed between the samples treated with 
leek and the control. The total aerobic bacterial count was significantly decreased with an increase in the irradiation dose and leek 
extract addition when compared to that of the control (4.54+0.05 log CFU/g). Further, the Hunter color values (L*, a*, and b*) were 
found to be significantly decreased following leek extract addition and EB irradiation. However, the color values, especially the a* value 
of the irradiated samples significantly increased during storage. Notably, increasing the EB irradiation dose enhanced the peroxide value. 
Sensory evaluation revealed that irradiation decreased flavor and overall acceptability. Our findings suggest the use of EB irradiation in 
combination with leek extract to improve the microbiological safety of pork jerky. However, in order to meet market requirements, novel 
methods to enhance the sensory quality of pork jerky are warranted. (Key Words: Pork Jerky, Electron Beam Irradiation, Leek Extract, 
Quahty) 



INTRODUCTION 

Jerky is one of the most popular meat products that are 
preserved by salting and drying. Jerky requires a relatively 
simple preparation process, has a typical flavor, and needs 
no refrigeration during commercial distribution due to its 
low water activity. In addition to having a high nutritional 
value, it can remain shelf-stable for a long time, due to 
which it is still in high demand in many countries 
(Calicioglu et al., 2003; Yang et al., 2009). Despite the low 
moisture content, microbiological safety is of particular 
concern during marketing and distribution (Park et al., 
2009). 

Several outbreaks of food-borne illnesses caused by 
Salmonella in beef jerky (USDA/FSIS, 2003) and by 
Escherichia coli 0157:H7 in venison jerky (Keene et al., 
1997) have been reported. Levine et al. (2001) reported the 
cumulative prevalence rates of Salmonella and Listeria 
monocytogenes in jerky from federally inspected plants 
between 1990 and 1999 to be 0.31% and 0.52%, 
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respectively. In addition, beef jerky has been recalled due to 

L. monocytogenes contamination detected through routine 
sampling conducted by processors or regulators (Lobaton- 
Sulaboetal.,2011). 

In the last decade, several single-agent disinfection 
techniques have been proposed to reduce microorganisms in 
jerky. These techniques included drying (Han et al., 2007), 
packaging (Lobaton-Sulabo et al., 2011), and irradiation 
(Kim et al., 2010). However, most of them were less 
effective in controlling microorganisms and resulted in 
quality changes. Therefore, this necessitates the 
development of highly effective novel techniques in order 
to improve the safety and quality of jerky, for their use in 
the meat and meat-processing industries. 

Many previous studies evaluating the efficacy and the 
microbiological safety of different foods, such as meat 
products and shrimp, have reported the use of different 
agents in combination (Chawla et al., 2006; Kanatt et al., 
2006). Various extracts from spices and herbs containing 
antibacterial compounds used in combination with 
irradiation treatments have been shown to possess 
synergistic effects (Oussalah et al., 2007). Ouattara et al. 
(2001) have demonstrated that synergistic effects could 
effectively inhibit microorganisms even at low irradiation 
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dose, thus minimizing irradiation-induced quality changes. 
Recently, Yun et al. (2011) showed that leek extract when 
used in combination with gamma irradiation effectively 
inhibited growth of E. coli inoculated in pork. However, 
very few studies have examined the synergistic effects of 
electron beam (EB) irradiation and natural plant extracts on 
pork jerky. 

In view of the above, the objective of the present study 
was to investigate the synergistic effect(s) of EB irradiation 

and leek extract on the microbiological, physicochemical, 
and sensorial qualities of pork jerky during ambient storage. 

MATERIAL AND METHODS 

Sample preparation 

Pork loins and leeks were purchased from a local 
market in Daejeon, Korea. The pork loins were trimmed of 
all visible fat, and subsequently sliced to 0.7 cm thick 
pieces using a meat slicer (HPS 350G, Hankook Fugee 
Industries Co. Ltd., Seoul, Korea). The pork chops were 
marinated at 4°C for 12 h in a jerky curing solution (w/w) 
with the following composition: water (10%), soy sauce 
(10%), starch syrup (7%), sugar (5%), D-sorbitol (6%), 
ginger powder (0.1%), garlic powder (0.2%), onion powder 
(0.2%), potassium sorbate (0.1%), pepper (0.3%), and/ or 
leek extract (0.5%, and 1%). 

Fresh leeks were washed with tap water and sliced to 
approximately 10 cm thick pieces. The homogeneous leek 
sample was extracted with 70% ethyl alcohol at room 
temperature for 72 h, followed by evaporation of the solvent. 
The extract was then lyophilized (TFD5505, Ilshin Lab Co. 
Ltd., Korea) to obtain powder. Ethyl alcohol extracts were 
shown to possess maximum antimicrobial activity, and the 
corresponding extraction procedure was considered to be 
the most effective amongst the different preparation 
methods for obtaining leek extract (Yun et al., 2011). 

Cured meat was sequentially dried using a convection 
oven (JSOF-150; JS Research Inc., Korea) at 75°C, 65°C, 
and 55°C for 150 min, 90 min, and 60 min, respectively. 
After cooling, the jerky samples were packaged under 
vacuum conditions. 

EB irradiation 

Each prepared sample was irradiated on either sides in a 
linear EB RF accelerator (Energy 2.5 MeV, beam power 40 
kW, EB Tech., Daejeon, Korea). The beam current was 0 to 
4.5 mA. Irradiation was performed with a conveyor velocity 
of 10 m/min and a dose rate of 1.1 to 4.4 kGy/s. Because 
the incident EB had a low penetration power, all the 
samples were irradiated to 0.7 cm of thickness for 
enhancing the effectiveness of irradiation. To confirm the 
target dose, alanine dosimeters attached to the top and 
bottom surfaces of the sample pack were read using a 104 



Electron Paramagnetic Resonance unit (EMS -104; Bruker 
Instruments Inc., BuUerica, MA). The calculated 
maximum/minimum dose ratio was less than 1.004 for all 
the samples. The doses employed in this study were 0, 1,2, 
and 4 kGy. After irradiation, the samples were immediately 
stored under commercial storage conditions at 25 °C, until 
further analysis. 

Water activity 

The samples in which water activity had to be measured 
were minced into pieces of approximately 2x2 cm in size. 
The water activity of each sample was determined in 
triplicate using LabMASTER-Aw system (Novasina AG, 
Lachen, Switzerland). 

Microbiological analysis 

After irradiation, each sample (5 g) was cut into small 
pieces (approximately 0.5x0.5 cm) and homogenized for 2 
min in a sterile stomacher bag containing 45 ml of sterile 
saline (0.85%) by using a stomacher (bag mixer® 400; 
Interscience Co., France). Subsequently, the homogenized 
samples were serially diluted in sterile saline (0.85%) and 
were plated by spreading 0.1 ml on a total plate count agar 
(Difco Laboratories, Detroit, MI, USA) and eosin 
methylene blue agar (EMB; Difco) for total aerobic bacteria 
counts and total coUform counts, respectively. Plates were 
then incubated at 37°C for 48 h. For enumerating mold 
count, molds were plated onto YM agar (plus 10% citric 
acid, pH 3.6, Difco Laboratories), and the plates were 
incubated for 5 d. The number of colonies was counted and 
expressed as colony forming units per gram (CFU/g). 

Color measurement 

Color of the pork jerky sample surface was evaluated 
using a Color Difference Meter (Spectrophotometer CM- 
3500d, Konica Minolta Sensing, Inc., Osaka, Japan), and 
Hunter color values, L* (lightness), a* (redness), and b* 
(yellowness) were determined. The instrument was 
caUbrated to standard black and white plate before analysis. 
The Hunter values were monitored by a computerized 
system using spectra magic software (Konica Minolta 
Sensing, Inc., Japan) and the measurements were performed 
in triplicate. 

Peroxide value (POV) 

Lipid extraction was performed according to Folch 
extraction method (Folch et al., 1957). Each sample (10 g) 
was cut into small pieces and placed in a glass vial 
containing 50 ml Folch solution (chloroform:methanol, 2:1). 
The samples were stirred at room temperature for 24 h. 
Subsequently, the mixture was filtered using a filter paper 
(Whatman No. 4, Whatman Ltd., Maidstone, England) and 
15 ml NaCl (0.88%) was added. After shaking vigorously. 
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10 ml was collected from the bottom layer and evaporated 
under a stream of nitrogen gas, leaving the extracted lipids 
for POV analysis. The lipid sample was treated with 35 ml 
of solvent mixture (acetic acid: chloroform, 3:2) and shaken 
thoroughly, after which 0.5 ml of saturated potassium iodide 
solution was added. The mixture was kept in dark for 5 min; 
75 ml of distilled water was added followed by vigorous 
mixing. Soluble starch solution in phosphate buffer (2.5 ml, 
1% [w/v]) was employed as an indicator. The peroxide 
value was determined by titrating the iodine liberated from 
potassium iodide using standardized 0.005 N sodium 
thiosulfate solutions. The POV was calculated by the 
following equation. 

POV (meq/kg) = [(Vi-Vo)xFx0.01/S]xl,000 

Vi: titration amount (ml) of 0.005 N Na2S203 on the 
samples. 

Vq: titration amount (ml) of 0.005 N Na2S203 on the 
blank. 

F: factor of 0.005 N Na2S203 solution. 
S: sample weight (g). 

Sensory evaluation 

Sensory evaluation was performed by 10 panelists who 
had a previous experience of analyzing irradiation off-odor 
and the pork jerky quality, while carrying out different 
studies related to food irradiation. Jerky samples treated 
with 1 kGy were omitted from sensory evaluation due to 
their incomplete microbial inhibitory ability when 
compared to doses of 2 and 4 kGy. Further, this prevents the 
panelists from getting confused with a large number of 
samples. Samples were assessed for their color, flavor, 
texture, juiciness, overall acceptability, and irradiation off- 
odor. A 7-point hedonic scale, where 7 implies extreme like 
and 1 implies extreme disUke, was employed for evaluating 
all the qualities, except off -odor Off -odor was assessed as 
follows: 7, very strong; and 1, no off-odor. The samples 
were placed on a transparent plastic dish and labeled 
randomly by assigning a 3-digit numerical code. All 
samples were provided to each of the panehsts along with 
drinking water for rinsing their oral cavity following the 
testing of every sample. This procedure of sensory 
evaluation was conducted thrice independently. 

Statistical analyses 

The data were analyzed using SAS software (Release 
8.01, SAS Institute, Inc., Gary, NC, USA). Statistical 
analysis was performed by one-way analysis of variance 
(ANOVA). When significant differences were detected, the 
differences among the mean values were determined by 
Dimcan's multiple comparison test at a confidence level of 
p<0.05. Mean values and standard errors of the mean are 



Table 1. Water activity (Aw) of the electron beam irradiated pork 
jerky with added leek extract 

Irradiation dose Leek extract (%) 



(kGy) 0 0.5 1.0 



0 


0.760 


0.767' 


0.730 


1 


0.702 


0.701" 


0.702 


2 


0.706 


0.703" 


0.700 


4 


0.709 


0.704" 


0.687 


sem'' 


0.026 


0.016 


0.022 


Means 


within the same column 


with different 


superscript differ 



significantly (p<0.05). 
' Standard errors of the mean (n = 12). 

reported. 

RESULTS AND DISCUSSION 

Water activity 

When manufacturing intermediate moisture foods such 
as jerky, it is necessary to control water activity (Leistner, 
1987). In this study, the water activity (Aw) was 0.730 to 
0.767 in non-irradiated samples, and no significant 
difference in the water activity was observed between the 
samples treated with leek and the control (Table 1). Yang 
and Lee (2002) reported the water activity of commercial 
pork jerky to be 0.743 in Korea market. Chen et al. (2002) 
stated that Chinese-style pork jerky product has a water 
activity of approximately 0.75 and was the most popular 
traditional Chinese meat item in Taiwan. Water activity is 
useful to describe the thermodynamic equilibrium state of 
jerky (Labuza, 1980; Rockland and Nishi, 1980), and foods 
such as jerky must have a stable water activity to avoid 
changes in quality during storage (Yamaguchi et al., 1986). 

Microbiological examination 

The results obtained from the microbiological analyses 
of the combinatorial treatment of pork jerky during storage 
are shown in Table 2. The total aerobic bacterial count was 
significantly decreased with an increase in the irradiation 
dose and leek extract addition when compared to that of the 
control (4.54+0.05 log CFU/g). The number of bacterial 
colonies increased with an increase in storage duration. On 
the contrary, the addition of leek extract had an inhibitory 
effect on the growth of total aerobic bacterial populations 
when compared to the control that lacked the extract. 
Notably, there was no viable cell growth of microorganisms 
in the jerky sample when treated at 4 kGy. In addition, mold 
and coliform bacterial populations were not detected in pork 
jerky in this study (data not shown). Consistent with the 
results of a previous study, irradiation resulted in maximal 
inactivation of microorganisms in pork jerky (Kim et al., 
2010). 

In recent years, there has been an increasing interest 
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worldwide in employing hurdle approaches to enhance the 
shelf life of perishable foods, especially meat products, 
while simultaneously ensuring the microbiological safety of 
these products during food production and processing (Park 
et al., 2012). Radiation is regarded as the most widely 
accepted physical method for sterihzation because it is 
simple and rapid, and results in an effective reduction of 
microorganisms. The bactericidal effect of irradiation, 
including EB is due to the production of oxygen and 
hydroxy! radicals, which damage the DNA of 
microorganisms. 

On the other hand, plant extracts that have been 
approved and qualified to be Generally Recognized as Safe 
(GRAS) substances are being widely used in the food 
industry (Ahn et al., 2007). Plant extracts constitute several 
small terpenoid and phenoUc compounds with potent 
antimicrobial activity that could be attributed to their 
lipophilic nature, which aids in their accumulation in the 
bacterial membranes and thus induce energy depletion 
(Conner, 1993; Yun et al., 2011). Leek, a member of the 
genus Album, is known to have potent antioxidative 
properties against several microorganisms due to the 
presence of a high amount of total polyphenol compounds 
(Ahn et al., 2005). Therefore, in line with the previous 
studies, the present study established the combinatorial 
treatment of EB irradiation with leek extract as an 
additional hurdle, to be an effective microbial 
decontamination method for pork jerky. 

Color measurement 

The color changes in pork jerky during storage are 
shown in Table 3. Notably, the Hunter color values of a* 



Table 2. Total aerobic bacterial counts (log CFU/g) of the 
electron beam irradiated pork jerky with added leek extract during 

storage for 2 months 

Irradiation dose Leek extract (%) 



(kGy) 0 0.5 1.0 

0 month 

0 4.54" 4.43" 4.40" 

1 3.25" 3.19" 3.11" 

2 2.81' 2.74' 1.97' 
4 ND^'" ND"* ND"" 
SEM' 0.034 0.035 0.034 

1 month 

0 4.78" 4.55" 4.49" 

1 3.48" 3.42" 3.29" 

2 3.10' 3.05' 2.10' 
4 ND"* ND"* ND"* 
SEM' 0.011 0.023 0.027 

2 month 

0 4.98" 4.64" 4.55" 

1 3.66" 3.48" 3.37" 

2 3.25' 3.12' 2.27' 
4 ND" ND" ND" 
SEM' 0.017 0.015 0.039 
' Standard errors of the means (n = 12). 



^Viable colony was not detected at detection limit<10' CFU/g. 

Values with different letters within the same row differ significantly 
(p<0.05). 

increased significantly with an increase in the irradiation 
dose. However, the a* color values of the samples treated 
with irradiation were not consistent during storage. Nam et 
al. (2006) reported that the color of the turkey breast sample 
turned pink upon irradiation due to the formation of carbon 



Table 3. Hunter color value of the electron beam irradiated pork jerky with added leek extract during storage for 2 months 



Leek 


Irradiation 








Storaj 


;e period (month) 








extract 


dose 




0 






1 






2 




(%) 


(kGy) 


L* 


a* 


b* 


L* 


a* 


b* 


L* 


a* 


b* 


0 


0 


33.59 


7.89" 


13.32" 


33.74" 


9.51 


15.61 


26.65 


7.96" 


9.52 




1 


35.65 


9.45" 


16.52" 


30.59" 


9.05 


13.80 


30.55 


9.72" 


12.71 




2 


34.03 


9.08" 


14.70"" 


32.09"" 


9.26 


14.69 


29.98 


9.66" 


12.94 




4 


33.96 


8.97" 


14.98"" 


30.82" 


9.64 


14.15 


27.21 


8.13" 


10.10 




SEM' 


0.952 


0.233 


0.893 


0.773 


0.360 


0.633 


1.752 


0.366 


1.579 


0.5 


0 


28.53 


7.78"' 


11.23" 


31.31"" 


10.41" 


15.70" 


26.47 


7.07' 


10.30 




1 


30.71 


9.38" 


14.21" 


27.08" 


7.83" 


10.31" 


27.15 


8.87"" 


12.53 




2 


30.64 


8.31" 


13.94" 


32.35" 


9.67"" 


15.59" 


25.91 


7.74"' 


10.76 




4 


29.62 


7.36' 


12.21"" 


28.36"" 


9.11"" 


12.83"" 


26.70 


9.34" 


12.47 




SEM' 


0.915 


0.193 


0.726 


1.502 


0.586 


1.280 


0.737 


0.428 


0.839 


1.0 


0 


28.61 


6.08' 


10.91 


33.47" 


9.12 


16.55" 


27.58"" 


8.00" 


12.13 




1 


30.87 


7.59" 


12.63 


29.62" 


9.63 


14.70"" 


29.81" 


7.94" 


12.36 




2 


29.46 


8.27" 


12.05 


28.05" 


9.05 


12.52' 


28.48"" 


9.09" 


13.69 




4 


29.72 


8.63" 


12.25 


30.00" 


8.52 


13.87"' 


26.42" 


7.02' 


10.24 




slm' 


1.343 


0.191 


1.355 


0.995 


0.362 


0.593 


0.849 


0.229 


1 .054 



" ' Means within the same column with different superscript differ significantly (p<0.05). 
' Standard errors of the mean (n = 12). 
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monoxide-myoglobin complex, which was induced by the 
production of carbon monoxide and reducing conditions by 
irradiation. The mechanisms of color changes in irradiated 
turkey breast could be similarly applied to color changes of 
the irradiated pork jerky. 

Upon addition of the leek extract, the Hunter color 
values, L* and b* of the pork jerky samples showed a 
decreasing trend following EB irradiation. However, the 
color values of the samples following by the addition of 
leek extracts showed inconsistent results during storage. 
Our findings are in line with those of previous studies, 
which showed a decrease in the color values of jerky 
following leek extract addition, and further attributed the 
changes to the dark green color of the extract (Lim et al., 
2009; Cho, 2010). 

Peroxide value (POV) 

Although lipid hydroperoxides are the primary products 
of lipid oxidation, they are in turn converted to peroxides. 
Therefore, it seemed reasonable to determine the 
concentration of peroxides in the pork jerky samples to 
study the extent of oxidation (El-Alim et al., 1999). 
Peroxide values (POV) of the pork jerky samples treated 
with EB irradiation and leek extract are presented in Figure 
1. Increasing the dose of EB irradiation was found to 
increase the POV. Our results are in accordance with those 



of earlier studies, which have demonstrated that irradiation 
increased lipid oxidation in meat products by producing 
hydroxyl radicals formed mainly due to water radiolysis 
(Quattara et al., 2002; Nam et al., 2006). 

In this study, POV was found to be higher in irradiated 
samples. POV of fresh meat are higher than 5 mEq/kg, 
where the lipid hydroperoxides would have already reacted 
with oxygen to form secondary oxidation products. A POV 
between 5 and 10 mEq/kg implies oxidative rancidity 
(Javanmard et al., 2006). In the present study, the POV of 
the samples following the addition of leek extract was 
higher than the POV of the control prior to storage, 
although there was no significant difference between the 
amounts of leek extracts added (0.5% vs 1.0%). 

In the present study, leek extract could not suppress the 
lipid oxidation in samples treated with EB irradiation and 
subsequently stored. However, our results slightly differ 
from those of the previous study, wherein leek extract 
known to be particularly rich in polyphenolic compounds 
was shown to inhibit the oxidation of lipids, in addition to 
its antimicrobial effect (Ahn et al., 2005). Further 
investigation is needed to explain this phenomenon. 

Sensory evaluation 

The pork jerky samples treated with EB irradiation and 
leek extract were evaluated by sensory methods (Table 4). 
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Figure 1. Effect of leek extracts ((a) 0%, (b) 0.5%, (c) 1.0%) on peroxide value (meq/kg) of the electron beam-irradiated pork jerky 
during storage at 25 °C. 
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Table 4. Sensory evaluation of the electron beam irradiated pork jerky with added leek extract 
Leek extract (%) 



Irradia.tion 


Color 


Flavor 


Texture 


Juiciness 


Overall 


Off-odor 


dose (kGy) 


acceptability 


IR 


Others 


0 


4.70* 


5.70" 


4.90" 


4.80" 


5.80^ 


1.40" 


1.50" 


2 


5.00" 


5.80" 


5.10" 


4.70"" 


5.20^ 




1 7n"" 


A 




J.JK) 


A Af\^^ 






3.40" 


1.40" 


0 


4.90" 


2.90" 


3.60"" 


3.40"" 


2.30" 


2.10"" 


2.80""" 


2 


4.10"" 


3.20" 


4.60" 


3.80""" 


2.80" 


3.20" 


3.10""" 


4 


4.20"" 


2.60" 


3.70"" 


3.60""" 


2.70" 


5.70" 


3.40"" 


0 


3.70" 


2.20" 


3.80"" 


3.30" 


1.80" 


2.20"" 


4.20" 


2 


3.60" 


2.30" 


3.80"" 


3.50"" 


1.70" 


3.30" 


3.70" 


4 


3.90"" 


2.20" 


3.10" 


3.40"" 


1.60" 


3.40" 


3.60" 


sem' 


0.515 


0.549 


0.654 


0.573 


0.562 


0.730 


0.800 



0 



0.5 



1.0 



""''Means within the same column with different superscript differ significantly (p<0.05). 
' Standard errors of the mean (n = 27). 



EB irradiation of pork jerky influenced several sensory 
parameters. The scores of color, texture, and juiciness were 
lower than those of non-irradiated samples, and the scores 
were found to be even lower when irradiation dose was 
increased. The sensory scores of control related to flavor 
and overall acceptability were higher than those of samples 
treated with leek extract. 

Off-odor was detected in pork jerky samples following 
irradiation and leek extract addition. During irradiation, free 
radicals are produced, and these free radicals consequently 
trigger hpid and/or protein oxidation. Free radicals, the 
precursors of lipid hydroperoxides are regarded as primary 
oxidation products, which further lead to the production of 
secondary oxidation products (alkanes, alkenes, aldehydes, 
alcohols, ketones, and acids) (Nawar, 1985) that have been 
sensorially described as "fishy", "metallic", "rancid", and 
"oxidized" (Kochhar, 1996). Volatile sulfur compounds of 
leek have been suggested to be the source of the off-odor 
(Park et al., 1998; Fan et al., 2002). 

Therefore, by taking into consideration the influence of 
both EB irradiation and leek extract on several sensory 
parameters, novel processing methods in order to decrease 
the sensory changes are warranted. Recently, several studies 
demonstrated that certain flavors such as mint, citrus, as 
well as the smoky flavor of barbecue, were not influenced 
by irradiation and instead masked the off-flavor produced at 
high irradiation doses. This method was successfully 
applied to the production of irradiated ice cream and pork 
jerky without any off-flavor (Kim et al., 2007; Kim et al., 
2012). 

In conclusion, our findings suggest the use of EB 
irradiation in combination with leek extract to improve the 
microbiological safety of pork jerky. However, novel 

processing methods in order to inhibit or minimize the 
physicochemical and sensorial quality changes of irradiated 
pork jerky need to be developed as a prerequisite for 



industrial applicability. 
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